Abstract: I briefly review the theory of Holographic Space-time and its relation to the cosmological constant problem, and the breaking of supersymmetry (SUSY). When combined with some simple phenomenological requirements, these ideas lead to a fairly unique model for Tera-scale physics, which implies direct gauge mediation of SUSY breaking and a model for dark matter as a hidden sector baryon, with nonzero magnetic dipole moment.
1. Introduction to holographic space-time [1] This paper is the written version of a talk given at the conference celebrating the 80th birthday of Murray GellMann at the Nanyang Technical University in Singapore. I'd like to thank Harald Fritzsch and the other organizers of the conference for inviting me to join in honoring one of the greatest physicists of the 20th century.
String theory models are our only rigorously established models of quantum gravity, but none of the known models apply to the real world. They do not incorporate cosmology, and they do not explain the breaking of supersymmetry (SUSY) that we observe. The theory of Holographic Space-Time is an attempt to generalize string theory in order to resolve these problems. Its basic premise is a strong form of the holographic principle, formulated by myself and W. Fischler:
• Each causal diamond in a d dimensional Lorentzian space-time has a maximal area space-like d − 2 surface in a foliation of its boundary. The area of this holographic screen in Planck units is 4 times the logarithm of the dimension of the Hilbert space describing all possible measurements within the diamond.
Every pair of causal diamonds has a maximal area causal diamond in their intersection. This is identified with a common tensor factor in the Hilbert spaces of the individual diamonds
A holographic space-time is defined by starting from a d − 1 dimensional spatial lattice, which specifies the topology of a particular space-like slice. To each point x on this lattice, we associate a sequence of Hilbert spaces H(n, x) = ⊗P n .
The single pixel Hilbert space, P will be specified below, and has to do with the geometry of compactified dimensions. These spaces represent the sequence of causal diamonds of a time-like observer as the proper time separation of its future tip from the point where it crosses the space-like slice increases. N(x) is the maximal value that n attains as the proper time goes to infinity. In a future asympotically dS space time, N(x) will be finite.
In an asymptotically flat space-time or FRW universe which is matter or radiation dominated,n will go to infinity with the proper time, while in an asymptotically AdS universe n will go to infinity at finite proper time. In a Big Bang space-time the past tip of each causal diamond lies on the Big Bang hypersurface. In a time symmetric spacetime we think of the diamonds as having past and future tips which are equidistant in proper time from the slice on which the lattice is placed. In either case we will refer to the causal diamonds at a fixed time as those carrying the same label n.
In any theory of quantum gravity, the Hilbert space formulation will refer to a particular time slicing. We have chosen slices such that the causal diamonds at any fixed time have equal area holographic screens. Such equal area slicings exist in all commonly discussed classical space-times.
The rest of the specification of holographic space-time consists of a prescription of the overlap tensor factor O(m, x; n, y), in H(m, x) and H(n, y). For nearest neighbor points at m = n this overlap is just P. For other pairs of points the specification of the overlap is part of the dynamical consistency condition described below. The only kinematic restriction on it is that the dimension of O is a non-increasing function of d(x, y), the minimum number of lattice steps between the points. We introduce dynamics as a sequence of unitary operators U(n, x) in H(N(x), x), with the property that U(n, x) = V (n, x)W (n, x), where V (n) is a unitary in H(n, x), while W (n) is a unitary in the tensor complement of H(n, x) in H(N(x), x). This requirement implements the idea that the dynamics inside a causal diamond effects only those degrees of freedom associated with the diamond. In particular, in a Big Bang space-time, it builds the concept of particle horizon into the dynamics of the system. Note by the way that in Big Bang space time the sequence of unitaries U(n) may be thought of as a conventional time dependent Hamiltonian system with a discrete time, while for a time symmetric space-time they are instead "approximate S-matrices", U(T, −T ).
Starting from some initial pure state in H(N(x), x), the unitaries U(n, x) produce a sequence of density matrices ρ(n, x) in each overlap factor involving the point x. The key dynamical consistency condition for a holographic space time is that ρ(n, y) = U(n, x; y)ρ(n, x)U † (n, x; y), for every pair of points. This staggeringly complicated set of consistency conditions is the analog in this formalism of the Dirac-Schwinger commutation relations, which guarantee the consistency of "many fingered time". The only known solution of these conditions is the dense black hole fluid (DBHF) cosmology described briefly below.
In that example, the consistency conditions dictate both the choice of overlap Hilbert spaces, and the dynamics at each point in the lattice.
There are a number of very important points to understand about this formalism
• Although we have used geometrical pictures to motivate our constructions, they are entirely phrased in quantum mechanical language. The Lorentzian space-time is an emergent property of these quantum systems, useful in the limit of large causal diamonds (large dimension Hilbert spaces).
• The emergent space-time geometry is not a fluctuating quantum variable. Its causal structure is specified by the overlaps, and its conformal factor by the Hilbert space dimensions.
• The lattice specifies only the topology of a space-like slice in the non-compact dimensions 1 This topology does not change with time.
SUSY and the holographic screens[4]
Since space-time geometry is not a fluctuating quantum variable, it is natural to associate the quantum variables with the properties of the holographic screen of the causal diamond. Intuitively, the space-time orientation of an infinitesimal bit of screen is determined by the outgoing null direction, and the transverse plane in which the screen lies. That information is encoded in the Cartan-Penrose equation
Indeed this equation implies thatψγ µ ψ is a null vector, and that the hyperplanes
with k ≥ 2 all lie in a single d − 2 plane. More succinctly, ψ = (0, S a ): ψ is a transverse spinor in the light front frame defined by the null direction. The Cartan-Penrose equation is conformally invariant, but our quantization procedure will violate that invariance. This is simply the statement that the BekensteinHawking area formula is being used to define the conformal factor of our space-time geometry in terms of the dimension of the quantum Hilbert space. The holographic principle now implies two constraints on the quantization procedure:
We want to have independent degrees of freedom for different points on the holographic screen. This is compatible with a finite dimensional Hilbert space only if a finite area screen is "pixelated": its function algebra must be replaced by a finite dimensional algebra. If n labels a basis of the algebra, the single pixel Hilbert space P is the lowest dimension representation space of the algebra generated by the S a (n) variables. If we insist on transverse SO(d − 2) invariance, the only quantization rule having a finite dimensional representation space is [S a (n), S b (n)] + = δ ab SUSY aficionadas will recognize this as the algebra of a single massless supersymmetric particle with longitudinal momentum proportional to (1, − → Ω ), where Ω is the angular position of the pixel on S d−2 . If d = 11 the smallest representation of this algebra is the SUGRA multiplet. In fewer non-compact dimensions there are non-gravitational multiplets, but, since we are trying to construct a theory of gravity, we should retain 16 real spinor generators for each pixel, in order to guarantee that there is a helicity two particle in the spectrum.
The anti-commutation relations postulated so far are invariant under S a (n) → (−1) F (n) S a (n). This is a remnant of the rescaling symmetry of the CP equation. We treat it as a gauge symmetry. Using it, we can perform a Klein transformation so that the independent operators on different pixels anti-commute rather than commute with each other.
A convenient way to pixelate the holographic screen is to use fuzzy geometry. We replace the algebra of functions by a sequence of finite dimensional matrix algebras. The most famous example is the two sphere. The algebra of n×n matrices has a natural action of the group SU(2) on it because the spin n−1 2 representation is n dimensional. The matrices carry every spin from zero up to n − 1 and so can be thought of as a natural cutoff of the angular momentum on the sphere. Vector bundles over the sphere are rectangular matrices. In particular n × n + 1 and n + 1 × n matrices converge to the two chiral spinor bundles over the sphere. Many of the compactification spaces of string theory are Kahler manifolds, or Kahler fibrations over a one (Horava-Witten) or three dimensional (G2 manifolds which are K3 fibrations) base. These are naturally thought of as limits of finite dimensional matrix algebras. The pixel variables of such compactifications will have the quantum algebra
where i, j = 1 . . . K and A, B = 1 . . . K + 1 , so that the fermionic matrices fill out the two spinor bundles over the fuzzy two sphere. The indices M, N also run over a set of rectangular matrices which approximate either the spinor bundle over a seven manifold, or two copies of the spinor bundle over a six manifold (and there are two possibilities, according to whether the two copies have the same or different chiralities). The B M N should be interpreted as wrapped brane charges. They can be further decomposed into sums over cycles of various dimensions. That is to say, we have an algebraic way of encoding the homology of the manifold 2 . In this formalism, the problem of (kinematically) classifying four dimensional compactifications reduces to classifying superalgebras such that in the limit, K → ∞ they contain one copy of the N = 1 SUSY algebra. Equivalently, in this limit, the representation space of the algebra should contain exactly one N = 1 graviton supermultiplet. The super-generators are constructed by using the conformal structure of the 2-sphere, whose invariance group is SO(1, 3). Conformal Killing spinors on the sphere transform as the Dirac spinor of SO (1, 3) .
A are matrices that converge to the left handed conformal Killing spinor, then our kinematic condition on the algebra of pixel variables is that there exists a set of coefficients
satisfies the super-Poincare algebra as K → ∞. The representation space of the pixel algebra should break up into a finite number of single particle representations of the SUSY algebra, with only a single supergraviton multiplet. This is, in our formalism, the condition for a compactification with N = 1 SUSY. Note that, for finite K, these constructions have no continuous moduli. They are finite dimensional unitary representations of finite dimensional non-abelian super-algebras.
Particles
If we suppose that we have found such an algebra, we can now make multiple copies of our single particle Hilbert space by replacing the algebra of functions, by the matrix algebra
(where A is the algebra of matrices approximating the function algebra on the internal manifold), by a direct sum
and take the limit K i → ∞ with
As in Matrix Theory [2] the ratios are interpreted as the ratios of longitudinal momenta P i (1, Ω i ) of a set of particles. Here however, each particle has its own null direction. The S p gauge symmetry relating commuting operators to block diagonal matrices is interpreted as particle statistics. Note that a particle must have a large momentum in order to have good angular localization, but for fixed holographic screen area one can only make a finite number of particles, and the larger the momentum that each one carries the fewer particles we can make. One can argue [6] that the states with all the momentum carried by one "particle" should actually be thought of as black holes that fill the causal diamond.
Holographic cosmology
Here we give a brief description of the Dense Black Hole Fluid model of holographic cosmology [5] . In this model, one takes the overlap Hilbert spaces to be
where d(x, y) is the minimum number of lattice steps between the two points. If the exponent is negative, we interpret it as 0. The time evolution operators are identical at each lattice point, and the time dependent Hamiltonian is chosen randomly at each time n to be ln V (n, x) = S a (i)S a (i)A(n; i, j) + I(n).
Here the S a satisfy fermionic commutation relations 3 , and A(n; i, j) is a random n × n anti-symmetric matrix. For large n the quadratic term converges to the Hamiltonian for free massless fermions in 1 + 1 dimensions, and I(n) is chosen to be a random irrelevant perturbation of this CFT. One then argues that there is a coarse grained description of this system as a flat FRW universe, with equation of state p = ρ, which saturates the covariant entropy bound.
This model is used to construct more realistic cosmologies by using the Israel junction condition. We think of our own universe as a low entropy "defect" inside the DBHF. Consider first a spherical volume of p = wρ universe with −1 < w < 1, embedded in a p = ρ universe. Consider time slices of the two geometries of equal holographic area. This means the time coordinates are proportional to each other with a fixed constant. A coordinate volume of radius L has a physical radius that grows as t 2 3(1+w) . Since the physical radius in the DBHF grows more slowly, we must let the coordinate L shrink with time in the p = wρ universe in order to satisfy the Israel condition that the geometry of the interface be the same in both embeddings. The exception is w = −1. In this case, a cosmological horizon volume is bounded by a null surface of fixed holographic area. We can satisfy the Israel condition by matching to a black hole with the same area horizon, embedded in the p = ρ background.
In [5] we argued that non-spherical defects could survive as −1 < w < 1 regions, but that the above argument about the Israel condition implies that eventually the universe must approach w = −1. The late time cosmological constant is determined by cosmological initial conditions, namely the number of degrees of freedom that are initially in a low entropy state. In this way of realizing dS space, it is clear that only a single horizon volume of the classical geometry is necessary to the description, and that this is described as a quantum system with a finite number of states: the representation space for the pixel algebra over the finite area holographic screen of the cosmological horizon.
Cosmological SUSY breaking[4][6][1]
We have noted that in holographic cosmology, the cosmological constant Λ is a positive tunable parameter, determined by cosmological initial conditions. To discuss particle physics, we can replace the actual cosmological history with that of an eternal dS space. In the limit Λ → 0 the theory of stable dS space approaches a super-Poincare invariant theory, similar to conventional string theories, but with no moduli. The theory has a discrete R symmetry, explaining the vanishing of the superpotential at the supersymmetric point. However, the way in which this limit is approached is interesting. One horizon volume of dS space approaches all of Minkowski space. The logarithm of the total number of quantum states of the dS theory is π(RM P )
2 , but only (RM P ) 3/2 of that entropy can be modeled by field theory in the horizon volume.
This entropy bound can be derived in two complementary ways [7] [6]. On the one hand, we can try to maximize the particle entropy in a horizon volume, subject to the constraint that no black holes of size that scales like R are formed. The maximal entropy particle states are modeled as a cutoff CFT with cutoff µ, so that the entropy, S ∼ (µR) 3 .
The condition that no horizon sized black holes are formed is
P R, which leads to µ < (M P /R) 1/2 , and the (RM P ) 3/2 scaling of the particle entropy. On the other hand, if we model the holographic screen of dS space as a fuzzy sphere with K ∝ RM P , and particle states by block diagonal fuzzy spheres of block sizes K i with K i = K, then the complementary constraints of angular localization (maximizing each K i ) and maximizing the multiparticle particle entropy, lead to K i ∼ √ K. If our basic unit of longitudinal momentum is 1/R, then this gives the same scaling for entropy, momentum cutoff, and average particle number as the previous argument. These remarks also lead to a conjecture for what the other, off diagonal bands, of the matrices represent. The total entropy of dS space allows us to have (RM P ) 1/2 independent copies of the field theoretic degrees of freedom in a single horizon volume, and it is an obvious conjecture that this is the way the classical geometric result that at late global times dS space has an unbounded number of independent horizon volumes, is realized in the limit RM P → ∞. The off block diagonal bands of the K × K matrix algebra approximation to the function algebra on the 2-sphere, represent the particle degrees of freedom in different horizon volumes.
It is the field theoretic states in a single horizon volume, which approach the scattering states of the Minkowski theory. The exponentially overwhelming majority of the states of the dS theory decouple in this limit 4 . These states should be viewed as living on the cosmological horizon. However, because their number is so large, the effect of the interaction of localized particles with the horizon states may be larger than one might have imagined.
The discrete R symmetry of the Λ = 0 theory is broken by interactions with the horizon. The lightest particle in the theory carrying R charge is the gravitino. Thus, R violating interactions will be dominated by Feynman diagrams in which a gravitino propagates out to the horizon. These are suppressed by a factor e −2m 3/2 R . The contribution from the interaction with the horizon has the form
Note that there is no n dependence energy denominators in this formula, because the horizon states are approximately degenerate. To estimate the number of states that contributes to this formula we note that the horizon states, like degenerate Landau levels, can be localized and have a fixed entropy per unit area. The gravitino can propagate in the vicinity of the horizon, a null surface, for a proper time of order
. Quantum particles execute random walks in proper time. If we take the step size to be Planck scale, the area covered will also scale like , then the diagram is exponentially small. However, it is precisely the R violating terms in the effective Lagrangian, which are supposed to be responsible for the non-zero gravitino mass. So we have a contradiction unless m 3/2 = KΛ 1/4 . In [11] we gave an argument that the constant K is of order 10.
CSB and phenomenology[12]
The relationship m 3/2 = KΛ 1/4 , with K of order 10, puts strong constraints on low energy phenomenological models. In low energy effective SUGRA models, SUSY breaking is parametrized by a non-vanishing F term for some chiral superfield, X. In order to obtain gaugino masses, the model must generate couplings of the form
Since, according to CSB, F X = K(TeV) 2 , we cannot have M larger than a few TeV. Thus we must have a strongly coupled hidden sector to generate the scale M, and that sector must contain particles charged under the standard model gauge group. That is, we have a model of direct gauge mediation.
If we wish to preserve the prediction of SUSY gauge coupling unification, the new particles must be in complete multiplets of a unified group, and transform under the hidden sector group G. If the unified group contains SU(5) we get, at least R copies of the 5 +5, where R is a G representation. If R ≥ 5, this leads to Landau poles below the unification scale, which implies at best a fuzzy prediction of unification. All hidden sector groups with R < 5 appear to predict light pseudo-Goldstone bosons that transform under the standard model and should have been seen in experiments.
The only resolution I have found to these competing exigencies is to employ trinification [13] , with a hidden sector group SU P (3). The resulting model has a pyramidal quiver diagram and is called The Pyramid Scheme. It has perturbative one loop unification, and no unpleasant PNGBs. The gauge group is SU P (3) ⊗ SU 1 (3) ⊗ SU 2 (3) ⊗ SU 3 (3) ⋊ Z 3 , and the matter content is 3 × [(1, 1,3, 3) ⊕ (1, 3, 1,3) ⊕ (1,3, 3, 1)],   (3,3, 1, 1) ⊕ (3, 1,3, 1) ⊕ (3, 1, 1,3) ⊕ c.c.
The Z 3 symmetry permutes the last 3 SU(3) subgroups. The SU(2) × SU(3) of the standard model is embedded in the indicated SU 2,3 (3) groups of the Pyramid, and the U(1) is a combination of a generator in SU 1 (3) and one in SU 2 (3). In addition, we introduce 3 singlet fields S i . The three fields that couple both to SU P (3) and to the standard model are called trianons and are denoted T i +T i , with the index i indicating that the field is charged under SU i (3).
The underlying principle of CSB implies that the low energy Lagrangian consists of two pieces. The first, L R , preserves a discrete R symmetry and has a supersymmetric R symmetric minimum of its effective potential. This is the low energy Lagrangian for the supersymmetric S-matrix of the Λ = 0 limit. Experience with string theory suggests that it should satisfy the demands of field theoretic naturalness: every term consistent with hypothesized symmetries is allowed. Any term smaller or larger than would be indicated by Planck scale dimensional analysis should be explained in terms of an explicit low energy dynamical mechanism.
The second term δL arises, in a low energy effective picture, from interactions of a single gravitino with degrees of freedom on the cosmological horizon in dS space. These DOF do not have a field theoretic description and we do not yet have a precise model of them. We can only list some properties of these terms, which follow from general principles:
• They violate the discrete R symmetry.
• They must give us a low energy effective theory that violates SUSY, incorporating the relation m 3/2 = KΛ 1/4 .
• The low energy effective theory must be consistent with a model of dS space as a system with a finite number of quantum states. In particular, if the SUSY violating minimum with c.c. Λ is not the absolute minimum of the potential, then the potential must be Above the Great Divide [12] [9].
The last item implies that the non-gravitational low energy dynamics must have a stable SUSY violating ground state 5 . Results of Nelson and Seiberg [3] , when combined with the requirement that R symmetry is explicitly broken, then imply that the R violating part of the Lagrangian cannot satisfy the demands of naturalness. It must omit terms allowed by all symmetries. We have however emphasized that the origin of these terms is novel and corresponds to nothing in our experience with ordinary string theory or quantum field models that emerge from quasi-local lattice dynamics. In models of quantum gravity, the states on horizons, whether black hole horizons or the cosmological horizon in dS space, do not have a description in terms of localized bulk degrees of freedom, obeying the rules of QFT. The R violating terms in the Lagrangian for local degrees of freedom, are the residuum of interactions with a large number of horizon states, which decouple as the dS radius is taken to infinity. These terms are important, because they are the origin of supersymmetry breaking. They do not obey the constraints of naturalness.
The R preserving part of the TeV scale superpotential is the superpotential of the standard model plus
The R symmetry, which must have no gauge anomalies, is chosen so that either g 1 or g 3 vanishes, as well as one of the pairs y 1,3 andỹ 1,3 . It can also be chosen such that the coefficients of all baryon and lepton number violating operators of dimensions 4 and 5, apart from neutrino seesaw terms (H u L) 2 , vanish. We require the vanishing of g 1 or 3 in order to eliminate SUSY preserving minima. The vanishing of one pair of the y couplings is introduced in order to have a dark matter candidate.
The R violating superpotential, coming from interactions with the horizon, is postulated to be
I'll conclude with a brief list of the properties of the model
• It has no Supersymmetric minimum at sub-Planckian field values, and is compatible with an underlying model of dS space with a finite number of states, incorporating the CSB relation m 3/2 = KΛ 1/4 .
• L R has a discrete R symmetry and all R preserving couplings appear with natural strength. Dimension 4 and 5 couplings that violate baryon number are absent, and the only allowed lepton number violating couplings are the neutrino seesaw terms (H u L) 2 . The µ term H u H d is also forbidden by R symmetry. All CP violating angles, apart from the CKM phase, can be rotated away, and L R has a dangerous axion. The non-generic terms in δW lift the axion. One can argue that if the origin of CP violation is at energies below the Planck scale, so that the thermal bath near the horizon is approximately CP invariant, the CP violating phases in δW are very small. This is a novel solution of the strong CP problem. The NMSSM couplings in L R and the explicit µ term in δW give an acceptable Higgs spectrum, without tuning.
• All couplings are perturbative at the unification scale, and the model generates a dynamical scale Λ 3 ∼ a few TeV, which can explain the origin of gaugino masses. There is freedom to separately tune different gaugino masses by using the parameters m i in δW . The chargino decays promptly in this model, so that the Fermilab trilepton analysis bounds its mass from below by ∼ 270 GeV. By making the parameter m 3 reasonably large, we insure that the gluino is not heavy enough to make dangerous modifications to the Higgs potential.
• Dark matter is the pyrma-baryon field (
It is not a thermal relic, but can have the right relic density if an appropriate pyrma-baryon asymmetry is generated in the early universe. There will be no dark matter annihilation signals. The dark matter particle weighs tens of TeV, and has a magnetic moment. The magnetic moment leads to an interesting pattern of signals in terrestrial dark matter detectors, rather different from the signal for a convential WIMP. The details of this are being worked out.
Conclusions
The theory of holographic space-time seeks to generalize string theory to situations where the boundaries of space-time are not asymptotically flat or anti-de Sitter, and the quantum theory does not have a unique ground state. It builds space-time out of purely quantum data, the dimensions of Hilbert spaces and common tensor factors in a net of Hilbert spaces. The topology of a Cauchy surface is part of the specification of the formalism, and does not change with time. Space-time geometry is not a fluctuating quantum variable. Instead the quantum degrees of freedom are quantized orientations of pixels on the holographic screens of causal diamonds. Their quantum kinematics is determined by a super-algebra, whose structure incorporates the quantum remnants of the geometry of compact dimensions. Compactifications are classified in terms of possible superalgebras. For finite area holographic screens, compactifications are finite dimensional unitary representations of a superalgebra, and have no continuous moduli. When dS space is modeled as the finite holoscreen on the cosmological horizon, this automatically leads to a fixing of moduli. Moduli stabilization is essentially kinematic, and has nothing to do with an effective potential.
In the limit that the holographic screen area goes to infinity, and the screen approaches that of null infinity in Minkowski space, the pixel variables describe supersymmetric multiplets, including the gravity multiplet. There is, as yet, no general prescription for calculating the scattering matrix of this super-Poincare invariant theory.
The general formalism leads in particular to a completely non-singular, mathematically complete quantum description of what one might call the generic Big Bang universe. This is called the dense black hole fluid (DBHF). Heuristically, at any time, the particle horizon volume is completely filled with a single large black hole, and causally disconnected black holes merge to preserve this condition as the particle horizon expands. The coarse grained description of this situation is a flat FRW geometry with equation of state p = ρ. Note that flatness, homogeneity and isotropy emerge automatically, without any inflation.
An heuristic model of our own universe based on the concept of a low entropy defect in the DBHF implies that the universe must approach an asymptotically dS future, with c.c. determined by cosmological initial conditions. dS space is modeled as a quantum system with a finite number of states, as first envisioned by Fischler and the present author [8] .
The general formalism of holographic space-time implies that SUSY is restored as Λ → 0 . Two arguments, one of which was reviewed above, suggest that m 3/2 = KΛ 1/4 . The constant K has been argued to be of order 10, and is related to the ratio between the unification scale and the Planck scale. When combined with the desire to explain the apparent unification of standard model couplings, this low scale of SUSY breaking puts strong constraints on the effective Lagrangian for particle physics at TeV energy scales. So far, only a unique class of models has been found, which can satisfy these constraints. These are the Pyramid Schemes, and differ from each other only in the values of a few parameters. They all have a discrete R symmetry in the Λ = 0 limit, which is broken by interactions with states on the horizon, which decouple in this limit. The R violating terms in the effective Lagrangian do not satisfy the usual laws of naturalness.
The Pyramid Scheme resolves many of the puzzles of low energy supersymmetric particle physics, some by a novel mechanism. It has an acceptable level of flavor changing neutral currents and no dangerous B and L violating operators. It has a novel dark matter candidate, which carries an approximately conserved U(1) quantum number and can have the right relic density if an appropriate asymmetry is generated in the early universe. There are no annihilation signals. The dark matter candidate is quite heavy and has a magnetic dipole moment. Its signals in terrestrial detectors depend on the target nucleus, and are being worked out [14] . The supersymmetric and strong CP problems, the µ problem, and the little hierarchy problem are all resolved by the non-generic nature of the R violating part of the effective Lagrangian. The theory of holographic space-time thus provides a comprehensive quantum mechanical framework for early and late universe cosmology, as well as incorporating the surprising connection between the asymptotic dS nature of the universe and low energy particle physics. The particle physics implications will be checked, at least in part, by the LHC. If the theory's predictions are verified, one would be motivated to attack the unsolved problem of formulating dynamical equations for holographic space-time.
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